This work describes the degradation of ZrO 2 4 mol%Y 2 O 3 (YSZ) coatings obtained by EB-PVD. YSZ coatings were exposed at 1200°C for 10 min50 hr by isothermal heat treatment in the presence of an erosive impurity of volcanic ash. At the interface between the YSZ coatings and volcanic ash, the coatings were partially dissolved in the volcanic ash, resulting in the degradation of coatings by the formation of the reacted region. A ZrSiO 4 or glassy phase is formed by the chemical reaction between YSZ coatings and volcanic ash at 1200°C. The chemically reacted region from the top surface of the YSZ coatings showed a tendency for increased degradation depth with an increase in isothermal heat-treatment time.
Introduction
Thermal barrier coatings (TBCs) are being more aggressively to protect gas turbine engine hot-section components in order to meet future higher fuel efficiency and lower emission goals for engines. Yttria-stabilized zirconia for electron-beam physical vapor deposition (EB-PVD) 1) , 2) or plasma sprayed coatings 3),4) is widely utilized for TBCs to improve the thermal efficiency at a high operating temperature because YSZ has outstanding properties, such as low thermal conductivity due to tailored microstructure and multi-layers TBCs, 1),2) low Young's modulus, a relatively high thermal expansion coefficient and high toughness.
3),4) EB-PVD technique for TBCs processing is widely studied, such as the ageing effect on microstructure changes, 5) the influence of microstructure of thermal conductivity, 6) layed TBCs with multiple interfaces 7) and low thermal conductivity by dopant atoms.
8) The characteristics of TBCs by EB-PVD are a high deposition rate, the ability to deposit high melting point oxides, long life, and excellent thermal shock resistance behavior due to the columnar porous microstructure.
TBCs have received degradation or damage by chemical reaction with CMAS (calciummagnesiumaluminumsilicates) or volcanic ash particles attached to the TBC surface at a high temperature, above 1400°C, resulting in a critical accident for aircraft. In spring 2010, the massive eruption of the Eyjafjallajökull volcano in southern Iceland released a plume of ash at high altitudes, forcing serious limitations on European air traffic. According to the chemical analyses, the Eyjafjallajökull volcanic ash exhibits a much higher SiO 2 content and a higher chemical complexity than the CMAS-type deposits reported in the literature. 9 However, the influence of natural volcanic ash on ZrO 2 4 mol%Y 2 O 3 thermal barrier coatings by EB-PVD has not been sufficiently investigated. For this reason, in this work, we investigate the influence of Eyjafjallajökull volcanic ash on the degradation of YSZ EB-PVD coatings during isothermal heat treatment at a high temperature. The substrates were preheated to 1000°C in a preheating chamber using graphite heating elements. The deposition by electron beam was carried out in a coating chamber under a vacuum level of 10 ¹4 Pa using a 45 kW electron beam gun. The substrates were rotated in a condition of 5 rpm during deposition to obtain the porous coatings. The average coated thickness was about 300 m. Natural Eyjafjallajökull volcanic ash was used as a CMAS source to investigate the TBC degradation by the chemical reaction between ZrO 2 4 mol%Y 2 O 3 coatings and volcanic ash consisting of alkaline oxides. The chemical composition of Table 1 .
Experimental
For comparing with volcanic ash, the composition of CMAS 21) was included in Table 1 . The main difference between volcanic ash and CMAS is the contents of Fe 2 O 3 and CaO. The volcanic ash of 10 wt% was homogeneously sprinkled on the surface of YSZ-coated samples. The chemical reaction between YSZ coatings and volcanic ash was carried out in a box furnace (MAT-1700KSB, Matals Inc.) by isothermal heat treatment at 1200°C as a function of 10 min, 1, 10, and 50 hr of heat-treatment time in the atmosphere. After the isothermal heat treatment, the cross section of specimens is polished using diamond paste (9, 3 and 0.5¯m).
A phase analysis of YSZ-coated samples reacted with volcanic ash was performed using X-ray diffraction equipment (RINT-2500, Rigaku Co., Japan) with Cu K¡ radiation. The analysis was performed at a scan speed of 2°/min in a range of 2080°. The microstructure and the atomic element in the coated samples were analyzed by scanning electron microscopy (SEM, JSM-7001F, Jeol Co., Japan) with an attached Energy Dispersive Spectroscopy (EDS) analyzer. Prior to SEM observation, the samples were sputter-coated with platinum to avoid the charging effect under the electron beam. Nanopores in YSZ coatings were observed using a transmission electron microscope (TEM, JEM-2100F, Jeol, Japan).
Results and discussion
The typical microstructure of the ZrO 2 4 mol%Y 2 O 3 coatings deposited by EB-PVD is shown in Fig. 1 . The coatings have a columnar microstructure with all columnar grains oriented in the same direction, i.e., perpendicular to the substrate, as shown in Fig. 1(a) . The top surfaces of the EB-PVD coatings consist of square-pyramidal or cone-like grains. Nanopores pores of less than 10 nm existed at inside of columnar grain, as shown in Fig. 1(b) . These nano-sized pores were observed around featherlike grains as well as inside the columnar grains.
The XRD results of the surface of YSZ coatings reacted at 1200°C with volcanic ash as a function of heat-treatment time are shown in Fig. 2 . The only tetragonal (t) YSZ phase was observed in Fig. 2(a) without heat treatment. All samples in Figs. 2(b)2(e) with heat treatment showed the ZrSiO 4 phase, which was formed by the reaction between ZrO 2 coatings and SiO 2 from volcanic ash. In the present work, volcanic ash includes a plentiful SiO 2 content, as shown in Table 1 .
It was reported that the ZrSiO 4 phase formed at 1200°C under a 9001200°C annealing condition using artificial volcanic ash and Y 2 O 3 -stabilized ZrO 2 powder mixtures.
9) The XRD peak of ZrSiO 4 increased with the increasing heat-treatment time. In addition, a monoclinic (m) YSZ phase was also detected for the heat-treated samples. It was reported that the transformation from t-YSZ to m-YSZ appears to take place during dissolutionreprecipitation for the CMAS degradation of TBCs. 22) Hence, in the reacted surface region of heat-treated samples, the reprecipitated YSZ is sufficiently depleted in Y that it transforms into monoclinic YSZ upon cooling. The hematite Fe 2 O 3 phase in Fig. 2 is also observed, resulting Figure 3 shows the reacted depth from the coatings surface of heat-treated samples at 1200°C. The reaction depths were determined according as in-situ observation of cross-section of specimens by SEM. The reacted depth remarkably increased as the heat-treated time reached from 68¯m after 10 min to 283¯m after 50 hr. YSZ EB-PVD coatings have a porous, columnar microstructure, and many gaps between columnar grains existed, as shown in Fig. 1 . Therefore, the molten volcanic glass easily penetrated through open pores and gaps in YSZ coating samples at 1200°C, resulting in the increase of the reacted thickness. Figure 4 shows the SEM micrograph and EDS analysis of heat-treated samples for 1 and 50 hr at 1200°C, respectively. The deposited volcanic ash melted at 1200°C and rapidly infiltrated YSZ coatings because the coatings have many open pores and 23) The melted Si and Fe components for longer heat treated specimens, can be more penetrated in comparison with that of shorter heat treated specimens. Consequently, the parts of the volcanic ash deposits that infiltrated the YSZ coatings were mainly Si and Fe. Figure 4(b) shows a large penetration of both Si and Fe elements into coatings after a 50 hr heat treatment, compared with that of Fig. 4 (a) after a 1 hr heat treatment. Figure 5 shows SEM micrographs of the side view at the top area of columnar YSZ coatings reacted at 1200°C. The interaction zone between YSZ coatings and volcanic ash increased with increasing heat-treatment time. Some YSZ parts in the columnar YSZ coatings are dissolved in the molten volcanic glass and reprecipitated in globular ZrO 2 forms. The globular ZrO 2 grains are certain evidence that diffusion-controlled dissolution reprecipitation occurred during heat treatment and cooling. 22) In particular, the dark contrast areas indicated by arrows in Fig. 5 are the reacted phase formed after cooling and the reaction with volcanic ash at 1200°C. The small grains (arrows mark) were individually isolated in Fig. 5(a) and correspond to a Fe 2 O 3 rich solid solution consisting of Fe 2 O 3 :88 wt%, ZrO 2 :11 wt% and SiO 2 :1 wt% by EDS analysis. In contrast, the largely reacted region (arrows mark) in Fig. 5(b) covered the top surface of the coatings and corresponded to the ZrSiO 4 grains consisting of ZrO 2 :67 wt% and SiO 2 :33 wt%. It was reported that ZrSiO 4 was located on top of intercolumnar gaps bridging individual YSZ columns. 9) This ZrSiO 4 can fill the feather-arm type pores in YSZ columns.
In addition, the volcanic glassy phase penetrated well into the inside of the YSZ coatings through open gaps between columnar grains.
9) The total reacted area of Fig. 5(b) is larger than that of Fig. 5(a) due to a longer reaction time at 1200°C. In particular, the feathered arm structure of the YSZ columnar coatings in Fig. 5(b) , rather than those of Fig. 5(a) , shows significant degradation due to the dissolution of ZrO 2 into volcanic melts, resulting in the porous columnar grains and formation of globular ZrO 2 grains at the reacted region. This result proves that a longer heat-treatment time under volcanic ash deposits contributes to the degradation of TBCs.
It was reported that artificial volcanic ash deposits exhibit softening above the glass transition rather than a well-defined melting point; hence, the infiltration occurs by viscous flowing rather than by instantaneous melt infiltration.
9) The typical dissolution-reprecipitation of globular ZrO 2 in contact with CMAS-type melts was not observed in the case of artificial volcanic ash after a short annealing time. In addition, if CaO content is high like CMAS as shown in Table 1 due to the infiltration of CMAS deposits occurred by thermal annealing at 1260°C with CMAS deposits for YSZ and La 2 Zr 2 O 7 coatings by EB-PVD. 11) However, the infiltration for La 2 Zr 2 O 7 coatings was less than that for YSZ coatings. Based on the present study and the literature, the suppression of TBC degradation can be expected by development of TBCs that are chemically stable against environmental chemical attack conditions, such as volcanic ash. Further study is required in order to realize this goal based on the present work.
Conclusions
The YSZ coatings deposited by EB-PVD had a columnar microstructure with intercolumnar gaps between columnar grains. Nano-sized pores were observed around feather-like grains as well as inside columnar grains. To investigate TBC degradation, YSZ coatings were reacted with volcanic ash deposits by heat treatment at 1200°C for 10 min50 hr. The reacted region between the YSZ coatings and volcanic ash increased with increasing heat-treatment time. A ZrSiO 4 phase, which was mainly formed by a reaction between YSZ coatings and SiO 2 from volcanic ash, was observed.
At the interaction zone between the YSZ coatings and volcanic ash, the YSZ coatings were partially dissolved in volcanic ash, inducing the partial phase transformation from a tetragonal ZrO 2 phase to a monoclinic ZrO 2 phase. The feathered-arm structure at the YSZ columnar coatings for longer heat treatment at 1200°C shows significant degradation due to the dissolution of ZrO 2 into volcanic melts, resulting in the very porous columnar grains.
